Measles virus (MV), a member of the genus Morbillivirus in the family
Paramyxoviridae, is an enveloped virus with a nonsegmented negative-strand RNA genome. It possesses two envelope glycoproteins, the hemagglutinin (H) and fusion (F) proteins, and initiates infection of target cells via binding of the H protein to its cellular receptor. This binding is believed to induce F protein-mediated membrane fusion between the viral envelope and the host cell plasma membrane, allowing entry of the ribonucleoprotein complex (18) . Two cellular proteins, CD46 and signaling lymphocyte activation molecule (SLAM; also called CD150), have been identified as MV receptors (5, 7, 11, 26, 54, 59, 60) . CD46 is a member of the regulators of complement activation family and is expressed on all nucleated human cells (22) . SLAM, a glycoprotein of the immunoglobulin superfamily, is a regulator of antigen-driven T-cell responses and macrophage functions. The expression of SLAM is restricted to certain cells of the immune system, including activated B and T lymphocytes, mature dendritic cells, and macrophages (1, 4, 44) .
The Edmonston strain, the first isolate of MV, was obtained in 1954 from a patient with measles by using a primary culture of human kidney cells (6) . Live attenuated MV vaccines currently in use were obtained by passaging the original isolate numerous times in a variety of cell types, including primary human kidney and amnion cells and chicken embryo fibroblasts (9, 38) . These Edmonston-lineage vaccine strains appear to have adapted to efficient growth in many cell types by acquiring a number of mutations in their genomes (31, 32) . They are safe and very effective, but the molecular bases of their adaptation and attenuation remain to be elucidated.
MV strains isolated from B-lymphoid cell lines, such as marmoset B95a and human BJAB cells, have been shown to retain the phenotype of viruses circulating in patients with measles (16, 17) , and they use SLAM, but not CD46, as a cellular receptor (30, 40, 54, 59, 60) . In this report, the term "wild type" refers to this type of MV strains. In contrast, Edmonstonlineage vaccine strains use both SLAM and CD46 as cellular receptors (54, 59, 60) . It has been shown that the amino acid residue at position 481 of the H protein has an important role in determining the receptor usage of MV strains (3, 12, 20, 27, 43, 53, 55, 58) . The H proteins of most CD46-using strains, including Edmonston vaccine strains, have a tyrosine residue at that position, whereas those of wild-type strains usually have an asparagine residue (3, 15, 20, 32, 37, 49) . Studies have indicated that an asparagine-to-tyrosine substitution at position 481 (N481Y) enables the H proteins of wild-type MV strains to bind CD46, without compromising their ability to use SLAM (8, 12, 20, 58) . In fact, when wild-type MV strains adapt to SLAM-negative and CD46-positive Vero cells, the N481Y substitution is often observed after several passages (21, 27, 43) . Mutational analysis of the MV H protein, combined with its structural modeling, confirmed the importance of the tyrosine residue at position 481 in the interaction with CD46 (23, 55) . However, using recombinant viruses, we previously showed that although a single N481Y substitution in the H protein conferred the ability to infect cells via CD46 on the wild-type IC-B strain, its ability to use CD46 was much lower than that of virus possessing the Edmonston H protein (42) .
In this study, a number of chimeric and mutant H proteins, and recombinant viruses harboring them, were generated to determine which residues of the Edmonston H protein are responsible for its efficient use of CD46. Our study identified several substitutions in the H protein, in addition to the N481Y substitution, that are necessary for the wild-type IC-B strain to be fully capable of using CD46 as an alternative receptor.
MATERIALS AND METHODS

Cells and viruses.
Vero cells constitutively expressing human SLAM (Vero/ hSLAM) (30) were maintained in Dulbecco's modified Eagle's medium (DMEM; ICN Biomedicals, Aurora, OH) supplemented with 7.5% fetal bovine serum (FBS) and 500 g of G418 (Geneticin; Nacalai Tesque, Tokyo, Japan) per ml. CHO cells constitutively expressing human SLAM (CHO/hSLAM) (54) were maintained in RPMI medium (ICN Biomedicals) supplemented with 7.5% FBS and 500 g of G418 per ml. B95a, CHO, and Jurkat cells were maintained in RPMI medium supplemented with 7.5% FBS. HeLa cells were maintained in DMEM supplemented with 7.5% FBS. Recombinant MVs were generated from cDNAs by using CHO/hSLAM cells and a vaccinia virus carrying the T7 RNA polymerase, i.e., vTF7-3 (a gift from B. Moss) or LO-T7-1 (a gift from M. Kohara), as reported previously (25, 47) . Generated MVs were propagated in B95a cells, and virus stocks at two or three passages in B95a cells were used for experiments.
Plasmid construction. All full-length genome plasmids were derived from p(ϩ)MV323, which encodes the antigenomic full-length cDNA of the wild-type IC-B strain of MV (50) . The p(ϩ)MV323-EGFP plasmid, with an additional transcriptional unit for enhanced green fluorescent protein (EGFP), was reported previously (10) . The plasmid p(ϩ)MV2A (a gift from M. A. Billeter) encodes the full-length antigenomic cDNA of the Edmonston B strain (34) . The plasmids p(ϩ)MV323/EdH-EGFP and p(ϩ)MV323/H(N481Y)-EGFP were reported previously (10, 42) . The p(ϩ)MV323/EdH-EGFP plasmid contains the H gene obtained from p(ϩ)MV2A (10) . In this paper, the H protein encoded by this plasmid is named the Edmonston tag H protein. There are two predicted amino acid changes in the Edmonston tag H protein compared with the reported sequence of the Edmonston B strain H protein (GenBank accession number Z66517). The Edmonston tag H protein has threonine and glycine at positions 484 and 492, respectively, whereas the H protein of the Edmonston B strain has asparagine and glutamic acid at those positions (Table 1) . A full-length genome plasmid that has the H gene of the Edmonston B strain [p(ϩ)MV323/EdBH-EGFP] was also constructed. The H gene cDNA of the Edmonston B strain was obtained from the pCA-Ed-H plasmid (a gift from K. Takeuchi), which encodes the same amino acid sequence as that in the reported Edmonston B strain (52) . Using NheI and PpuMI restriction enzymes, the region between nucleotide positions 7426 and 8277 of p(ϩ)MV323-EGFP or p(ϩ)MV323/H(N481Y)-EGFP was replaced with the corresponding region of p(ϩ)MV2A, generating the full-length genome plasmids p(ϩ)MV/H-␤12-EGFP and p(ϩ)MV/H-␤12(N481Y)-EGFP, respectively (Fig. 1A) . Using PpuMI and AleI restriction enzymes, the regions corresponding to nucleotides 8277 to 8952 and 8330 to 9011 of p(ϩ)MV323-EGFP were replaced with the corresponding regions of p(ϩ)MV2A, generating p(ϩ)MV/H-␤34-EGFP and p(ϩ)MV/H-␤346-EGFP, respectively (Fig. 1A) . Nucleotide position numbers are shown in accordance with the sequence of the IC-B strain genome (GenBank accession number NC_001498) (51) . Amino acid substitutions (N390I, N416D, T446S, T484N, and E492G) were introduced either independently or in various combinations into p(ϩ)MV323-EGFP or p(ϩ)MV/H(N481Y)-EGFP by site-directed mutagenesis using complementary primer pairs. The resulting constructs were named p(ϩ)MV-EGFP-H1 to -H13 (see Fig. 3A ). Individual H genes were also cloned into the eukaryotic expression plasmid pCA7 (48), a derivative of pCAGGS (28) . The pCA7 vector has the T7 promoter in addition to the CAG promoter and was referred to as pCAG-T7 vector in previous papers (25, 47) .
Quantitative fusion assay. A quantitative fusion assay was performed using a method described previously (29) , with minor modifications. Briefly, monolayers of CHO cells (effector cells) in 24-well cluster plates were infected with LO-T7-1 at a multiplicity of infection (MOI) of 0.5, incubated for 1 h at 37°C, and then transfected with 0.2 g of an appropriate plasmid (pCA7 plasmid encoding the IC-B, Edmonston tag, Edmonston B, or other mutant H protein) together with 0.2 g of the IC-B F protein-encoding plasmid, pCA7-ICF, per well, using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA). Monolayers of B95a or HeLa cells (target cells) in 24-well cluster plates were transfected with 0.5 g of pG1NT7␤gal (a gift from E. A. Berger), a plasmid containing the lacZ gene under the control of the T7 promoter (29) . Twelve hours after transfection, the target cells were harvested, suspended in RPMI medium containing 7.5% fetal calf serum, and transferred to the monolayers of effector cells. After 7 h, ␤-galactosidase activity in the cells was quantified by a chemiluminescence assay (Roche Diagnostics, Indianapolis, IN).
Virus titration. Monolayers of Vero/hSLAM cells in 24-well cluster plates were incubated with 50-l serially diluted virus samples for 1 h at 37°C. After a 1-h incubation, 150 l of DMEM supplemented with 7.5% FBS and 100 g/ml fusion block peptide (Z-D-Phe-Phe-Gly) (35) (Peptide Institute Inc., Osaka, Japan) was added to each well to block the second round of infection by progeny viruses. At 36 h postinfection, the number of EGFP-expressing cells was counted under a fluorescence microscope. The number was expressed in cell infectious units (CIU). The number of CIU of each recombinant MV was also determined on HeLa cells and compared with that on Vero/hSLAM cells. The number of CIU of each virus on Vero/hSLAM cells was set to 100%.
Replication kinetics. HeLa and Jurkat cells in six-well cluster plates were infected with recombinant MVs at an MOI of 0.01 per cell. At various time intervals, cells were harvested in culture medium, and CIU were determined on Vero/hSLAM cells.
RESULTS
Fusion-inducing activities of chimeric H proteins in HeLa cells.
Previous studies have suggested that the MV H protein has a globular ectodomain with six ␤-sheets (19, 23, 55) . There were 17 predicted amino acid differences in the H protein between the wild-type IC-B and Edmonston tag strains (Table  1) . Differences were found throughout the ectodomain, except in ␤-sheet 5. For this report, the predicted locations of respective residues in the tertiary structure of the H protein were based on the model by Vongpunsawad et al. (55) . To identify which region of the Edmonston H protein is responsible for its efficient use of CD46, chimeric H proteins were generated using convenient restriction enzyme sites (Fig. 1A) . ␤12, ␤34, and ␤346 were chimeric H proteins in which regions containing ␤-sheets 1 and 2, ␤-sheets 3 and 4, and ␤-sheets 3, 4, and 6 of the IC-B H protein were replaced with the corresponding Not specified 174
Based on a structural model of the MV H protein by Vongpunsawad et al. (55) .
b Some of the Ed B strains possess a threonine at position 484, whereas others have an asparagine.
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MV ADAPTATION TO USE CD46 2565 sequences of the Edmonston tag strain (Fig. 1A) . ␤12 also contained two substitutions (positions 174 and 176) outside the ␤-sheet structures. ␤34 and ␤346 possessed one substitution (position 492) in the connecting loop between ␤-sheets 4 and 5. Furthermore, an N481Y substitution was introduced into the IC-B and ␤12 H proteins, generating IC-B(N481Y) and ␤12(N481Y), respectively. The activities of these H proteins in causing membrane fusion were analyzed using B95a (SLAM ϩ CD46 Ϫ ) or HeLa (SLAM Ϫ CD46 ϩ ) cells as targets (Fig. 1B) . IC-B H, Edmonston tag H, and all mutant H proteins were expressed, together with the IC-B F protein, on the surfaces of CHO cells (effectors) by using expression plasmids. When B95a cells were used as targets, all H proteins induced SLAM-dependent membrane fusion at similar efficiencies, as determined by the quantitative fusion assay (Fig. 1B) . When HeLa cells were used as targets, the CD46-dependent fusion-inducing activities of the IC-B and ␤12 H proteins were marginal. IC-B(N481Y) showed only ϳ20% of the activity of the Edmonston tag H protein, consistent with our previous finding that an N481Y substitution alone is not sufficient for the IC-B H protein to use CD46 efficiently (42) . ␤12(N481Y) exhibited activity similar to that of IC-B(N481Y). In contrast, ␤34 and ␤346 showed strong fusioninducing activities almost equivalent to that of the Edmonston tag H protein. These results indicate that the region encompassing ␤-sheets 3 and 4 of the Edmonston tag H protein is responsible for strong fusion-inducing activity in HeLa cells.
Entry and growth of recombinant MVs with chimeric H proteins. To further characterize the usage of CD46, the EGFP-expressing recombinant MVs with chimeric H proteins described above (Fig. 1A) were generated using a reverse genetics method. The entry of each recombinant MV into HeLa cells was determined by counting the number of EGFP-expressing cells after infection, as described previously (10, 42, 45) (entry into Vero/hSLAM cells was set to 100%) ( Fig. 2A) . In this assay, secondary infections were blocked with a fusion block peptide. The recombinant MV with the Edmonston tag H protein entered HeLa cells efficiently (ϳ40%), as it possessed the H protein that can use both SLAM and CD46 as receptors (54, 59, 60) . The virus with the ␤12 H protein entered HeLa cells very poorly (ϳ2%), like the parental virus with the IC-B H protein. The entry efficiencies of the viruses with the IC-B(N481Y) and ␤12(N481Y) H proteins were 13% and 8%, respectively, which are much lower than that of the virus with the Edmonston tag H protein. In agreement with the results of the fusion assay, the recombinant MVs with ␤34 and ␤346 H proteins entered HeLa cells as efficiently as the one with the Edmonston tag H protein.
The cytopathic effect (CPE) produced by recombinant MVs was then examined (Fig. 2B ). All recombinant MVs formed extensive syncytia in B95a cells, and no apparent difference was found among the viruses. In contrast, the viruses exhibited different CPEs in HeLa cells. The virus with the Edmonston Next, the replication kinetics of these recombinant viruses was analyzed in HeLa and Jurkat cells (Fig. 2C) . These cell lines express CD46 but not SLAM, and the expression level of CD46 on Jurkat cells is lower than that on HeLa cells (42) . The virus with the Edmonston tag H protein replicated well in both HeLa and Jurkat cells, whereas that with the IC-B H protein did not. As reported previously (42) (Fig. 3A) . CD46-dependent fusion-inducing activities of these H proteins were analyzed quantitatively in HeLa cells by using expression plasmids (Fig. 3B) . The activity of the Edmonston tag H protein was set to 100%. The H12 protein, having all of the substitutions except for the one at position 481, had little fusioninducing activity, similar to the IC-B H protein, confirming that the N481Y substitution is essential for fusion activity in HeLa cells (20) . The addition of another substitution, at position 390, 416, or 446 (H1, H2, and H3, respectively), had no enhancing effect on fusion activity. In contrast, the H4 protein, with an E492G substitution in addition to N481Y, had a slightly better fusion-inducing activity (ϳ30%) than did the IC-B(N481Y) H protein.
A third substitution, at position 390, 416, or 446, in addition to N481Y and E492G, was then introduced into the IC-B H protein (H5, H6, and H7, respectively). Among these three mutant H proteins, the H5 protein exhibited a higher fusion activity (ϳ73%) than the H4 protein. When one more substitution, at position 416 or 446, was included besides N390I, N481Y, and E492G (H8 and H9, respectively), the H protein exhibited a fusion-inducing activity almost equivalent to that of the Edmonston tag H protein. Omission of N390I or E492G from the ␤34 H protein (H10 and H11, respectively) greatly reduced the fusion activity. These results indicate that three substitutions (N390I and E492G plus N416D or T446S) in addition to N481Y are necessary for the IC-B H protein to induce membrane fusion in HeLa cells as efficiently as the Edmonston tag H protein.
The three substitutions, N390I, N416D, and T446S, are all present in all Edmonston-lineage strains compared with the IC-B strain, whereas the E492G substitution is found only in the Edmonston tag strain (Table 1 ; Fig. 4) (32, 38) . Importantly, many strains of the Edmonston lineage (the Zagreb, AIK-C, and ATCC strains as well as some of the Edmonston B derivatives) are reported to possess an asparagine instead of a threonine at position 484 (32, 38) , which may compensate for the absence of the E492G substitution in increasing CD46-dependent fusion activity. Therefore, we also examined the fusion-inducing activity of the IC-B H protein with a T484N substitution in addition to N390I, N416D, T446S, and N481Y (H13) (Fig. 3A) as well as that of the Edmonston B H protein with an asparagine at position 484 ( Table 1) . The fusion-inducing activities of these H proteins were much higher than that of IC-B(N481Y) but not as efficient as that of the Edmonston tag H protein (Fig. 3B) .
Entry and growth of recombinant MVs with various mutant H proteins. EGFP-expressing recombinant MVs were generated to contain the above mutant H proteins (H1 to H13; viruses were named according to the mutant H proteins they possessed) or the Edmonston B H protein. The entry efficiencies of these recombinant viruses were consistent with the fusion-inducing activities of the H proteins they possessed (Fig. 5A) . The H12 virus barely entered HeLa cells, like the parental recombinant virus with the IC-B H protein. In contrast, the H8 and H9 viruses were able to enter HeLa cells almost as efficiently as the virus with the Edmonston tag H protein. Viruses with the H13 or Edmonston B H protein showed higher entry efficiencies than the IC-B(N481Y) virus but lower efficiencies than the virus with the Edmonston tag H protein.
Syncytium formation by these recombinant MVs was examined in B95a and HeLa cells. All viruses produced large syncytia in B95a cells (data not shown). In agreement with the data from fusion and entry assays, the H8 and H9 viruses produced large syncytia in HeLa cells, similar to those produced by the virus with the Edmonston tag H protein, whereas the viruses with the IC-B or H12 H protein produced no syncytia (Fig. 5B) . Other recombinant viruses produced various sizes of syncytia in HeLa cells. Syncytium formation in HeLa cells by these MVs was completely blocked by anti-CD46 monoclonal antibody M75 (data not shown).
The replication kinetics of these viruses was analyzed in Jurkat cells (Fig. 5C) 
DISCUSSION
Our previous study showed that a single N481Y substitution in the H protein is insufficient to allow the wild-type MV IC-B strain to use CD46 efficiently as a receptor and to grow in CD46 ϩ Jurkat cells (42) . In this report, by generating chimeric and mutant H proteins and recombinant viruses harboring them, we show that three substitutions (N390I and E492G plus N416D or T446S) in the H protein, in addition to N481Y, are necessary for the IC-B strain to use CD46 efficiently.
The E492G substitution was found to have the most important role, after the N481Y substitution, in the efficient use of CD46. Notably, this substitution (compared with the sequence of the IC-B H protein) is present only in the Edmonston tag strain, not in other strains of the Edmonston lineage (32, 38) . The Edmonston tag strain is an infectious clone generated from cDNAs derived from the Edmonston B strain (34) . However, a short segment at the junction of the N and P genes of the full-length genomic cDNA was derived from a different source, the subacute sclerosing panencephalitis-derived IP-3-Ca cell line (2) . When the infectious cDNA was constructed, this short segment tag remained (34) . There are several discrepancies in the sequence between the Edmonston tag and other Edmonston vaccine strains (our unpublished observation). These mutations were probably introduced into the genome of the Edmonston B strain during passage in cultured cells before preparing genomic RNA for the construction of the full-length genomic cDNA.
The absence of the E492G substitution in the H proteins of other Edmonston vaccine strains might contradict the notion that they use CD46 efficiently. However, the T484N substitution in the H protein, which is not found in the Edmonston tag strain, exists in many Edmonston-lineage strains, including the AIK-C and Zagreb vaccine strains as well as some of the Edmonston B strains. Johnston et al. also reported that their Edmonston tag strain has the T484N substitution in the H protein instead of the E492G substitution (15) . Furthermore, non-Edmonston-lineage vaccine strains, such as Leningrad-16, Changchun-47, and Shanghai-191, also have the T484N substitution (38) . Therefore, the effect of T484N substitution on the use of CD46 was investigated. Our results show that the T484N substitution, when present together with the N481Y substitution, can enhance the ability of the IC-B H protein to use CD46; however, its effect is not as strong as that of the E492G substitution. Thus, the H protein of the Edmonston tag strain appears to be capable of using CD46 more efficiently than those of other vaccine strains.
All Edmonston-lineage strains have isoleucine, aspartic acid, and serine at positions 390, 416, and 446 of the H protein, respectively, suggesting that these residues were already present in the original isolate (32, 38) . Thus, only two additional substitutions, N481Y plus T484N or E492G, were needed for their H proteins to acquire the ability to use CD46 efficiently. The Ma93F strain of genotype C2 was also reported to need two substitutions, at positions 451 and 481 of the H protein, to be capable of using CD46 as a receptor (20) . In contrast, the wild-type IC-B strain (genotype D3) has to undergo four substitutions, including N481Y substitution in the H protein, in order to use CD46 efficiently. Examination revealed that most of the reference strains of different genotypes have the same residues as the Edmonston-lineage strains (genotype A) at positions 390, 416, 446, 484, and 492 of the H protein (57) . Interestingly, the reference strain of genotype D2 (Johannesburg.SOA/88/1) has an asparagine at position 484 of the H protein in addition to a tyrosine at position 481, whereas that of genotype E (Goettingen.DEU/71 "Braxator") possesses glycine at positions 492 and 546 of the H protein (57) . It is known that S546G substitution in the H protein, like the N481Y substitution, allows MV to use CD46; indeed, some Vero cellgrown MVs have an S546G substitution in the H protein instead of N481Y (13, 14, 21, 24, 27, 32, 36, 37, 43, 46, 56) . Thus, these two reference strains seem to have the ability to use CD46 efficiently. At any rate, the requirement of multiple (at least two) amino acid substitutions in the H protein for the efficient use of CD46 might partly explain why many passages in Vero cells are usually required to obtain CD46-using MVs and why CD46-using viruses are barely detected in patients with measles (30) .
Recently, two structural models for the MV H protein were reported (23, 55) . A series of H protein mutants were examined for SLAM-or CD46-dependent fusion-inducing activity, and the residues important for the interaction with SLAM and CD46 were identified (23, 24, 55) . Those studies showed that CD46-relevant residues are mainly located in ␤-sheet 4 (positions 428, 431, 451, 452, 464, and 481) and the connecting loop between ␤-sheets 4 and 5 (positions 486 and 487) of the ectodomain, and some residues might reside in ␤-sheet 5 (positions 527, 546, 548, and 549). Using a different approach, we showed that five residues, at positions 390, 416, 446, 484, and 492 (not identified by the above studies), also have a role in the efficient use of CD46, in addition to the one at position 481. Residues at positions 390 and 416 are situated in ␤-sheet 3, those at positions 446 and 481 are in ␤-sheet 4, and those at positions 484 and 492 are in the connecting loop between ␤-sheets 4 and 5. Thus, CD46-relevant residues identified by previous and present studies are localized over a wide range of domains in the H protein (3, 24, 33, 55) . It is possible that some of the residues identified are involved in direct CD46 binding, whereas others affect the structure of the H protein such that its binding site can interact with CD46 efficiently. In fact, N416D substitution might affect the N-glycosylation pattern of the H protein (37, 39) . The observation that many of these CD46-relevant residues might not be localized on the surface of the H protein (23, 55) is consistent with this interpretation. Determination of the crystal structure of the H protein, which is in progress in our laboratory, will reveal the roles of these CD46-relevant residues in its interaction with CD46.
During passage in a variety of cultured cells, the Edmonston-lineage strains must also have accumulated mutations in other genes (31, 32) . Recently, we showed that amino acid substitutions in the M protein (P64S and E89K) allowed the wild-type IC-B strain to grow well in Vero cells (45) . Since the virus with such an Edmonston-like M protein still entered Vero cells very poorly, these substitutions likely enhance virus replication at a postentry step(s). Importantly, these substitutions in the M protein inhibit cell-to-cell fusion and attenuate MV growth in SLAM-positive lymphoid cells (45) . Substitutions in the L protein (found in the Edmonston-lineage strains) were also shown to contribute to efficient MV growth in Vero cells (45) . These substitutions in the L protein also attenuate virus growth in lymphoid cells. In contrast, the substitutions in the H protein neither compromise the ability to use SLAM nor attenuate MV growth in SLAM-positive cells. Therefore, MV strains that have acquired the ability to use CD46 might gain a growth advantage in human and monkey cells. However, the CD46-using phenotype might be disadvantageous for MV to spread in patients, as it causes downregulation of CD46 from infected cells so that these might be subject to complementmediated cell lysis (41) . Animal experiments might provide clues to the effects of different receptor usages on MV pathogenicity and vaccine attenuation.
